The main purpose of this study was to evaluate the antioxidant and neuroprotective activities in the aerial parts of seven Eragrostis species (Poaceae) and to find antioxidant or neuroprotective compounds from the most active species. The total phenolic content (TPC), total flavonoid content (TFC), 1,1-diphenyl-1-picrylhydrazyl radical scavenging activity (DPPH RSA), total antioxidant capacity (TAC), and neuroprotective activity against amyloid beta peptide induced toxicity in PC12 cells were measured in the methanol extracts of the aerial parts of E. ferruginea, E. cilianensis, E. minor, E. multicaulis, E. pilosa, E. japonica, and E. curvula collected from June to August 2013. All species showed antioxidant or neuroprotective activities and, among them, E. japonica was the most active species to isolate antioxidant or neuroprotective compounds, because it was found to show both the highest TPC (10.63 ± 0.31 mg/g) and TFC (2.83 ± 0.06 mg/g) values, as well as TAC (11.34 ± 0.80 mg/g) and DPPH RSA (47.07 ± 2.81 µg/mL), with the second-highest neuroprotective value (23.0 µg/mL). Three known compounds were isolated from E. japonica by the bioassay guided approach and these were identified as isoorientin, isovitexin, and caffeic acid that have antioxidant and neuroprotective activities.
Plant Source
The aerial parts of E. ferruginea, E. cilianensis, E. minor, E. multicaulis, E. pilosa, E. japonica, and E. curvula were collected from June to August 2013 throughout South Korea. The plants were identified by Prof. Byeung-Hoa Kang (Seed Bank of Wild Resource Plants, Korea University) Voucher specimens (#EA20130601-EA20130607) were deposited in Seed Bank of Wild Resource Plants of Korea University.
Previous Studies
Several previous reports have proved the potential of Eragrostis species as natural resources for a crude drug and dietary health supplement. The methanol (MeOH) extracts from the flour of E. tef and E. tef varieties showed antioxidant activity using the 1,1-diphenyl-1-picrylhydrazyl radical scavenging activity (DPPH RSA) [1] [2] . The hexane extract of E. viscosa presented moderate molluscicidal activity against the snail Biomphalaria glabrata and 4 diterpenoids were isolated from the extract [3] . Several triterpenoids and diterpenoids were isolated from the roots of E. ferruginea that had been used to treat cancer and diabetes [4] . Penolic compounds were also isolated from the aerial parts of E. ferruginea, specifically, tricin, ageconyflavone A, nectandrin B, and 4-ketopinoresinol, all of which showed neuroprotective activity in PC12 cells against amyloid beta peptide (Aß)-induced toxicity, which is a major contributor to Alzheimer's disease pathology [5] . However, no reports are available that would to demonstrate the antioxidant or neuroprotective activities in the extracts of seven Eragrostis species, E. ferruginea, E. cilianensis, E. minor, E. multicaulis, E. pilosa, E. japonica, and E. curvula.
Present Study
Extraction and compounds isolation: The aerial parts of Eragrostis species were air-dried and powdered in a mill. Powdered samples (2.0 g) were extracted by gentle agitation in MeOH for 1 week at room temperature to test the total phenolic content (TPC), total flavonoid content (TFC), total antioxidant capacity (TAC), free radical scavenging activity, and neuroprotective activity. Among the MeOH extracts of Eragrostis species, Eragrostis japonica showed the most significant activity in this study (Table 1; 2) and was further investigated to separate compounds by bioassay guided approach. The air-dried powder of aerial parts of E. japonica (110.0 g) were extracted three times with MeOH. The MeOH extract (11.1 g) was dissolved in water and then partitioned with n-Hexane. The aqueous layer was separated with XAD-2 column chromatography using water of various pH levels and MeOH to afford 4 fractions (F01-F04). Antioxidant activity was measured in each fraction and active fractions used for isolation of compounds. Fraction F04 (MeOH phase, 0.92 g) was re-chromatographed by preparative paper chromatography using the BAW solvent (upper phase, BuOH: Acetic acid: Water = 4:1:5), dividing in 9 fractions (F05-F13). Fraction F08 (196 mg) was passed over a column containing Sephadex LH-20 gel using 70% MeOH as eluent, resulting in 5 fractions (F14-F18). Compounds 1 (1.2 mg) and 2 (2.9 mg) were isolated from F17 and compound 3 (2.0 mg) was separated from F18 by preparative HPLC (column: Agilent Kromasil 100-5-C18, 5 μm, 21.2 x 250 mm i.d., at flow rate = 8ml/min) using 20-35% ACN and 30-65% MeOH as solvent systems, respectively. Antioxidant activity assessment: TPC was determined using the Folin-Ciocalteu method [6] and TFC was measured using the colorimetric aluminium chloride (AlCl 3 ) method [7] . TAC was assessed with the phosphomolybdenum reduction assay [8] and free radical scavenging activity was determined using DPPH [9] . TPC and TAC were expressed as mg gallic acid equivalent (GAE)/g of dry weight (DW) and TFC was expressed as mg quercetin equivalent (QE)/g of DW. IC 50 values were used for DPPH RSA and it was defined as the amount of antioxidant required to reduce the initial DPPH radical concentration (µg/mL) by 50%. Ascorbic acid was used as a reference compound for DPPH RSA.
Neuroprotective activity assessment:
The Aß 25-35 used in the present study was pre-aggregated prior to use, because Aß oligomers are more toxic to neurons than Aß monomers (soluble form) or fibrils [10] . Aß [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] (1 mg; Bachem California Inc.) was dissolved in 1 mL of Dulbecco's Modified Eagle's Medium (DMEM, Gibco) and incubated in a 37°C water bath for 3 days to induce aggregation. Aggregated Aß 25-35 was diluted to 100 µg/mL and stored at − 70°C until use. Rat PC12 pheochromocytoma cells were obtained from the American Type Culture Collection (ATCC) and maintained in DMEM supplemented with 15% horse serum (Gibco) and 5% fetal bovine serum (Gibco) at 37°C under 5% CO 2 . The cells used for experiments were in the exponential growth phase and exponentially growing PC12 cells (4 × 10 4 cells per well) were plated in 96-well tissue culture plates. The cells were then pretreated with various concentrations (100, 20, or 4 µg/mL) of MeOH extracts from collected Eragrostis species with rosmarinic acid as a positive control. One hour later, Aβ aggregates (10 µM) were added to the pretreated cells and incubated for additional 24 h. For further analysis, the cells were treated with 3-(4,5-dimethylthiazol-2-yl)-2,5-dimethyltetrazolium bromide, MTT solution (10 µL per well, 5 mg/mL stock solution) for 3 h at 37°C, followed by lysis overnight at 37°C in 100 µL of lysis buffer. The optical density of the resulting solutions was measured colorimetrically at 590 nm using a microplate reader. Dose-response curves were plotted for each extract and results were expressed as ED 50 values, which were defined as the concentration (µg/mL) required to achieve 50% cell viability.
Statistical analysis: SAS 9.2 software (SAS Institute Inc.) was used to find the correlation coefficient (R) by the Pearson correlation and significant differences (p < 0.05) were established by one-way analysis of variance (ANOVA) with a post hoc least significant difference test. Table 1 . Total phenolic content (mg gallic acid equivalent/g of dry weight), total flavonoid content (mg quercetin equivalent/g of dry weight), total antioxidant capacity (mg gallic acid equivalent/g of dry weight), and DPPH free radical scavenging activity (IC 50 , µg/mL) in methanol extracts from the aerial parts of seven Eragrostis genus. To establish the antioxidant activity of Eragrostis species, TPC, TFC, TAC, and DPPH RSA of the seven MeOH extracts were measured (Table 1 ). E. japonica showed the highest TPC with 10.63 ± 0.31 mg GAE/g of DW, the highest TFC with 2.83 ± 0.06 mg QE/g of DW, and a higher TAC with 11.34 ± 0.80 mg GAE/g of DW. E. cilianensis and E. curvula also showed high TAC at 11.39 ± 1.46 and 11.77 ± 1.38 mg GAE/g of DW, respectively. DPPH RSAs of all MeOH extracts were concentration-dependent and E. japonica had the highest activity with the IC 50 value of 46.81 µg/mL. E. ferruginea, E. multicaulis, and E. curvula also exhibited DPPH RSAs, whereas the activity of E. cilianensis, E. minor, and E. pilosa were below the detection limit of the assay. According to these results, the aerial parts of E. japonica and E. curvula have a high antioxidant activity, which could be related to TPC and TFC. Phenolics and flavonoids are always considered to be major contributors for the antioxidant activity of plant materials and many researchers have demonstrated the correlation between phenolics and antioxidant assays or flavonoids and antioxidant assays. As our expectation, the results showed that TPC has the positive and negative correlation with TAC (R = 0.45) and DPPH RSA (R = -0.75), respectively (Table 3) . These results indicate that the antioxidant activity of the Eragrostis species depends on their phenolic content. However, TFC showed a significant correlation only with DPPH RSA (R = -0.64) (Table 3) , supporting the hypothesis that the flavonoids present in Eragrostis species act as antioxidants by scavenging free radicals. These results might be caused by different reaction systems of antioxidants, which can exercise their protective properties at different stages of the oxidation process by different mechanisms [11] . The MeOH extracts of the seven species were tested for neuroprotective activity against Aβ-induced toxicity in PC12 cells (Table 2 ) with rosmarinic acid used as a positive control. E. ferruginea, E. minor, E. multicaulis, and E. japonica showed a neuroprotective activity against Aβ-induced toxicity, whereas E. cilianensis, E. pilosa, and E. curvula were inactive in the examined concentration range. E. minor showed the highest activity, with the ED 50 value of 17.3 µg/mL, against Aβ-induced toxicity in PC12 cells, although it did not exhibit DPPH RSA and had the lowest TAC. E. japonica that had the highest antioxidant activity among the Eragrostis species also showed a higher neuroprotective activity (ED 50 of 23.0 µg/mL) than the other Eragrostis species, except for E. minor. It was reported that neuroprotective activity against Aß-induced toxicity correlate with antioxidant activity against oxidative stress-induced cell death [12] . However, the present study showed that neuroprotective activity of the extracts from Eragrostis species is not related to antioxidant activity. In addition, significant correlations between all antioxidant parameters and neuroprotective activity were not observed (Table 3) . Table 3 . Correlation coefficients (R) between two variables in the antioxidant and neuroprotective activity of the methanol extracts from the aerial parts of seven Eragrostis species. The MeOH extract of E. japonica that showed the most significant activity in this study was used to isolate compounds related to antioxidant or neuroprotective activities. Three metabolites were isolated and then identified as isoorientin (1) [13] , isovitexin (2) [14] , and caffeic acid (3) [15] that have antioxidant and neuroprotective activities (Figure 1 ) [16] [17] [18] . Compound 1 and 2 were investigated their DPPH RSA and compound 1 showed significant free radical scavenging activity [19] . These compounds were isolated from Eragrostis genus for the first time. Antioxidant or neuroprotective activities of E. ferruginea and E. japonica might be mediated by the previously reported compounds, tricin, ageconyflavone A, nectandrin B, and 4-ketopinoresinol [5] and by the isolated compounds in this study, isoorientin (1), isovitexin (2) , and caffeic acid (3), respectively. Antioxidant activity of E. curvula also might be induced by the previously reported flavones, tricin and violanthin [20] . However, it remains unknown whether these compounds are present in other Eragrostis species, therefore, further studies are required to isolate and identify the potentially antioxidant or neuroprotective compounds in other Eragrostis species. Eragrostis Wolf is the largest genus within the subfamily Chloridoideae of the Poaceae and has about 350 species, of which only 3 species have been studied for flavonoids: E. ferruginea, E. curvula and E. tef [5, [20] [21] . These 3 species showed different flavonoids profiles except tricin. E. ferruginea has been reported to contain 7-demethylageconyflavone A, ageconyflavone A and tricin [5] . E. curvular contained tricin and violanthin [20] and E. tef has been shown to contain naringenin, naringenin-4'-methoxy-7-Orhamnoside, eriodictyol-3', 7-dimethoxy-4'-O-glucoside and isorhamnetin-3-O-rhamnoglucoside [21] . The isolated flavonoids of E. japonica also differ from the species in that it only contained isoorientin and isovitexin. According to these results the distinct chemotaxonomic relationship was not observed among these species. The further research on the flavonoids in other Eragrostis species would be useful to find potential sources of natural antioxidants or neuroprotectants as well as chemotaxonomic study in Eragrostis genus.
Seven Eragrostis species were studied in this work to establish whether they could be potential sources of natural antioxidants or neuroprotectants. All species exhibited antioxidant or neuroprotective activities and especially E. japonica showed the highest TPC and TFC values, as well as TAC and DPPH RSA, with the second-highest neuroprotective value. The isolated compounds from E. japonica in this study were shown to have a strong antioxidant and neuroprotective activities in previous reports. In conclusion, our results demonstrate that the aerial parts of select Eragrostis species have the potential of use as antioxidants or neuroprotectants and, among them, particularly E. japonica could be a valuable source of specific flavonoid-type antioxidants that can be used as neuroprotective agents.
